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ABSTRACT

The local atomic environment and vibrationa properties of atoms in monoclinic pure o-
plutonium as well as orthorhombic pure a-uranium and its low-temperature charge-
density-wave (CDW) modulation are examined by extended x-ray absorption fine
structure spectroscopy (EXAFS). Pu L;-edge and U L -edge EXAFS data measured at
low temperatures verify the crystal structures of a-U and o-Pu samples previously
determined by x-ray diffraction and neutron scattering. Debye-Waller factors from
temperature-dependent EXAFS measurements are fit with a correl ated Debye model.

The observed Pu-Pu bond correlated Debye temperature of &.p(a-Pu) =162 + 5K for the

pure o-Pu phase agrees with our previous measurement of the correlated Debye
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temperature of the gallium-containing o'-Pu phase in amixed phase 1.9 at% Ga-doped
o'-Pu/ 6-Pu dloy. The temperature dependence of the U-U nearest neighbor Debye-
Waller factor exhibits a sharp discontinuity in slope near Tcpw = 43 K, the transition
temperature at which the charge-density wave (CDW) in a-U condenses from a soft
phonon mode along the (100) direction. Our measurement of the CDW using EXAFSis
the first observation of the structure of the CDW in polycrystalline a-U. The different
temperature dependence of the Debye-Waller factor for T < Tcpw can be modeled by the
change in bond length distributions resulting from condensation of the charge density
wave. For T > Tcpw, the observed correlated Debye temperature of G.p(a-U) =199+ 3
K isin good agreement with other measurements of the Debye temperature for
polycrystalline a-U. CDW structural modelsfit to the a-U EXAFS data support a
squared CDW at the lowest temperatures, with a displacement amplitude of ¢ = 0.05 £

0.02 A.

I. INTRODUCTION

The actinides U and Pu are unusual metals because they adopt low-symmetry
structures for their lowest-temperature crystallographic phases. The a-Pu phaseis
monoclinic, with eight inequivalent sites and an inversion planein its unit cell [1], while
the a-U phase is orthorhombic with two atoms in the unit cell [2]. The lower symmetry is
believed to be related to the accommodation of the highly anisotropic actinide 5f bonding
electrons in the electronic structure of these materials [3-4]. The a-U and a-Pu phases

are the ground-state, low-temperature, phases of these actinides, and understanding the
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local structure and bond vibrational properties of a-U and a-Pu are important from both a
fundamental condensed matter physics and applied metallurgy standpoint.

Figure 1 details the structure of the monoclinic unit cell of a-Pu, as previously
determined from x-ray diffraction [1]. The lattice constants and monoclinic anglearea =
6.183A,b=4.822 A, c=10.963 A, f=101.79°. There are sixteen atoms and eight
unique Pu atomic positions (Pul-Pu8) in a-Pu. There are two atomic sheets of eight Pu
atoms each spaced b/2 apart in the (010) direction, and rotated 180° with respect to each
other about the (010) screw axis. In other words, the <010> inversion plane splits the
unit cell. Within the atomic sheet, the spacing of the atomsin the unit cell is distorted
from aregular pattern, resulting in a distribution of bond Iength.

The a-Pu phase exists as the stable form of Pu to temperatures above room
temperature (T,—p = 398 K), but aloying gallium (up to 9 at% Ga) or other dopants with
Pu stabilizes the fcc 6-Pu phase at room temperature [5].  While the 5f electrons are
delocalized and participate in bonding in a-Pu, these electrons become localized in the 6-
Pu phase, allowing rearrangement of the Pu atomsin a higher symmetry structure [3].

Figure 2 details the structure of the orthorhombic unit cell of a-U, as previously
determined from x-ray diffraction [2]. The lattice constants at room temperature area =
2854 A, b=5.870A, and c = 4.956 A. There are two atomsin the unit cell. The
bonding structure of o-U can be viewed as corrugated sheets of U atomsin running
paralel to the <010> or ac planes, with the amplitude of the corrugation within each
sheet along the (010) direction, and the “wave vector” of this corrugation along the (001)

direction. In other words, U-U bonds in the <100> plane form zigzag chains, while
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bonds in the (100) direction form astraight linear chain. The atomsin neighboring
corrugated planes are shifted from each other by a/2.

The a-U phase has an unusual phase transition at Tcpw = 43 K, whichis
attributed to a charge density wave (CDW). The detailed structure of the CDW has been
the object of anumber of detailed neutron scattering and x-ray diffraction (XRD)
experiments on single-crystal a-U [2,6-13]. The results of these experiments are
compiled in areview by Lander et al.[14]. The CDW isinterpreted as the condensation
of a phonon mode along the (1 0 0) direction, whose frequency drops dramatically at low
temperatures (softening). Thisisthe same direction as the straight linear chain of bonds
in the undistorted structure. Intheinitial studies by Smith et al.[7], the wavevector q of
the CDW displacement was believed to be commensurate with the crystal lattice, and was
thought to cause a doubling of the unit cell along the (100) direction, i.e. gx=1/2. Figure
2(b) depictsthis simplified CDW structure. The U-U bondsin the (100) linear chain are
modulated by alongitudina wave, with the amplitude of the displacement wave g
predominantly along the (100) direction.

Later studies by Marmeggi et al. and others [8-13] which sampled more of
reciprocal |attice space indicated a commensurate g in all three directions only at
temperatures T below the lock-in temperature Toxin=22 K. For temperatures 22 K < T <
37K, gy and g, become incommensurate, while gy stays commensurate at ,=1/2. For
temperatures 37 K < T < 43 K, al three components of g are incommensurate with the
crystal lattice. Asfor the amplitude of the displacement wave g, the predominant
component still is along (100), with & = 0.027 + 0.001 A. The resulting CDW structure

looks like afrozen "optical™ displacement wave aong the (100) direction, with the
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maximum amplitude of the wave aso depending on they and z coordinates of the atoms
in the CDW-expanded unit cell. In addition, diffraction experiments have detected
higher-order satellites of the CDW diffraction peaks with only odd-integer indices. This
suggests a "squaring” of the CDW displacement wave rather than a sine wave distribution
of displacements, although a "phase slipped" sine wave model is an alternative model
[12-13]. At temperatures above Tcpw = 43 K, the CDW frequency becomes nonzero in
time, resulting in the low-frequency phonon wave with wavevector g = (0.5, 0, 0).
Manley et al. [15] modeled the temperature dependence of the phonon frequency
softening with various vibrationa potentials, and achieved the best fit with a harmonic
potential. The softening is due to the force constants being temperature-dependent rather
than due to anharmonic potentials.

Extended x-ray absorption fine structure (EXAFS) is an excellent technique for
determining short-range local atomic structure [16]. From apractical standpoint, both o-
U and a-Pu are difficult to prepare in macroscopic single-crystal form. EXAFSis
attractive as a technique for these materials since long-range order is not required for
high-quality EXAFS results. In addition, we use EXAFS to track the vibrational
properties of individual bonds in the material as a function of temperature. Bonds of
different lengths that can be resolved in the Fourier transform (FT) of the high-resolution
EXAFS data can be monitored independently versus temperature. This paper reports the
results of high-resolution EXAFS measurements on a-Pu and a-U samples, and the
results of fits of structural models to the EXAFS data, from which detailed short-range
structural and bond vibrational information about these two phasesis determined. This

information about the local structural environment is complementary to long-range
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structural information determined from previous XRD and neutron diffraction
measurements on these systems [1-2, 6-13]. To our knowledge there are no previous
detailed EXAFS experiments on the structure of o-U and the low-temperature CDW
modulation in the literature. Using EXAFS to investigate the bond lengths and detailed
short-range structure of o-U will help clarify the nature of the CDW dislocation wave. In
particular, our measurement of the CDW using EXAFS isthe first observation of the
structure of the CDW in polycrystaline a-U. Earlier measurements using XRD or
neutron scattering require carefully prepared single-crystal samples[2,6-13]. Heat
capacity (Cp) measurements of the CDW in polycrystalline a.-U have been made [17-18].
Whilethe T =43 K structural transition is observed in polycrystalline samples, the 22 K
transition is only observed as a very slight feature in the C, versus T curve, and the 37 K
transition has not been observed. All three transitions are clearly observed in heat
capacity measurements of single-crystal and "pseudo”-single-crystal a-U samples[18-
20]. Itisthought that grain boundaries restrain the anisotropic thermal expansion of a-U,
and reduce the effects of the CDW on thermal expansion, specific heat, and electronic
transport measurements of polycrystalline a-U [14]. The EXAFS measurement averages
the local structure over al atomsin the sample, so the CDW-modulated structural
contribution from atoms inside the grains will dominate the EXAFS signal compared to
the atoms at grain boundaries. The grain size of our sample sets an upper limit on the
coherence length required to form the CDW in a-U. Additionally, by measuring U-U
bond length distributions with EXAFS, the amplitude of the CDW and the extent of its
"squaring" can beinvestigated further.

In the case of Pu, while several groups studied fcc 8-Pu with EXAFS [21-25], and
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recently Wonget al.mapped out the phonon density of states for a Ga -doped 6-Pu aloy
[26], there are only two EXAFS studies related to a-Pu. Espinosaet al. [27] determined
thelocal structure of a-Pu in zone-refined, 32-year-old aged, and Ce-doped o-Pu samples
at fixed temperature, and observed changes in the disorder of the first Pu-Pu coordination
shell with doping and aging. The present work extends the a.-Pu structure determination
to higher spatia resolution (longer EXAFS k-range) and examines the temperature
dependence of the EXAFS. The results are compared to our group's previous study of a
mixed phase 1.9 at% Ga-doped alloy [28], in which the local structure and correlated
Debye temperatures of the Ga-containing a.'-Pu and 3-Pu phases were separated in the fits
to the temperature-dependent EXAFS. The o'-Pu phase consists of Ga atoms "trapped”
in ametastable a-Pu structure. In this earlier study, the a'-Pu phase formed in platelets
through martensitic transformation upon quenching to 148 K, and amounted to 30 wt% of
the sample, compared to the pure a-Pu sample examined here.

The outline of the paper isasfollows. Section Il discusses the details of sample
preparation and EXAFS experimental setup and data analysis. Section |11 presents the
L, -edge EXAFS datafor a-Pu and a-U. These datainclude both k-space and R-space
(FT) representations of |ow-temperature, high-resolution EXAFS spectra and series of
lower-resolution EXAFS spectra as a function of temperature. Section |11 also describes
the curve-fitting analysis procedure and results of curve-fitting analysis, as well as thefits
of the correlated Debye model to the temperature dependence of the EXAFS Debye-
Waller factors. Section IV discusses the results in the context of the local atomic
structure and the vibrational properties of bonding in the a-Pu and a-U phases, compares

the results to earlier Debye temperature measurements, as well as describes the nature of
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the a-U CDW. Lastly, Section V presents our conclusions.

1. EXPERIMENTAL DETAILS

A. Sample preparation

All sample were prepared at Lawrence Livermore National Laboratory (LLNL)
using bulk a-Pu from a batch of 2°Pu metal, and bulk o-U from a batch of depleted U
(mostly 28U) metal. Bulk metal pieces were thinned to ~14 um in a series of sawing,
lapping, and mechanical polishing steps, in order to achieve the desired thickness for
EXAFS transmission measurements. Lastly, electropolishing reduced the fina foil
thickness to 8-10 um, and also removed any accumulated oxide material from the
surface. All sample preparation was done in an inert argon atmosphere glove box. The
samples were encapsulated under argon using a specially designed, triple containment x-
ray compatible cell, as described elsewhere [24]. The samplesremained in this
containment cell during shipment to and from Stanford Synchrotron Radiation
Laboratory (SSRL) and throughout the EXAFS experiment. The o-U sample contains a
few wt% UO, as verified by Cu Ka x-ray diffraction (XRD) measurementsin air
performed at LLNL several months after the EXAFS experiment. Only the a-U and UO;
phases were observed using XRD, and the few wt% UO, was most likely formed due to
surface oxidation in air after the sample was removed from triple containment. The a-Pu

sampleis aso expected to have phase purity and oxide concentration similar to the o-U
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sample, since the o phase is the room-temperature phase of pure Pu. The triple-contained
sample was mounted in an open cycle liquid helium flow cryostat for variable
temperature EXAFS measurements. Temperature measurement errors are within ~1 K,
and are stable within ~0.2 K. EXAFS measurements began ~20 days after preparation

and encapsulation of the samplesat LLNL.

B. EXAFS data acquisition

Plutonium and Uranium L,;;-edge x-ray absorption spectra were collected at SSRL
on wiggler side station beamline 4-1 under normal ring operating conditionsusing aSi
(220), half-tuned, double-crystal monochromator operating in unfocussed mode. The
vertical dit height inside the x-ray hutch was set at 0.5 mm for both the a-Pu and the a-U
samples. The horizonta dlit widths were 0.85 mm and 0.75 mm for the o-Pu and a-U
samples, respectively, which is smaller than the diameter of the samples (2.8 mm). Pu
and U L;, -edge spectra were measured in transmission mode using Ar-filled ionization
chambers for the incident and transmitted x-rays. The x-ray absorption spectra of triple-
contained oxide reference powders (PuO, and UO,) were measured in transmission mode

simultaneously to the metal samples for energy calibration.

Il. EXAFSRESULTS

A. Raw datatreatment
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XAFS raw data treatment, including calibration, normalization, and subsequent
processing of the EXAFS and XANES (x-ray absorption near-edge structure) spectral
regions was performed by standard methods reviewed el sewhere [29-30] using the
EXAFSPAK suite of programs developed by G. George of SSRL. Typically, at each
temperature two Pu or U transmission XAFS scans were collected from each sample and
the results were averaged. The energies of thefirst inflection points for the oxide
reference powder absorption edges, E;, were calibrated to 18053.1 eV (Pu L) and
17166.0 eV (U L,;), and the energies of the simultaneously measured sample spectra
were shifted accordingly. The EXAFS amplitudes were normalized relative to the
smoothly varying absorption background po(E). The background optimization code
AUTOBK [31] was used to fit po(E) using a piecewise spline that minimizes the spectral

weight of the EXAFS real-space Fourier transform (FT) below Ruyg< 1.9 A.

B. High-resolution EXAFS data and fitting results

1 oa-Pu

Nonlinear |east squares curve fitting was performed on the k*-weighted data using
the EXAFSPAK program OPT. Theoretica phase and amplitude functions were
calculated from the program FEFF8.1 developed by Rehr et al. [32-33] All of the Pu-Pu
interactions were model ed using single scattering (SS) paths whose lengths were derived
from the monoclinic a-Pu model structure determined from x-ray diffraction, witha =
6.183A,b=4.822 A, c=10.963 A, and #=101.79°[1]. Tablel liststhe bond length

distributions of the first four shells for each of the eight inequivalent sites in the a-Pu
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structure, as determined by XRD, as well as the site-averaged distributions used in the fit
to the a-Pu EXAFS. The amplitude reduction factor Sy? was fixed at a value of 0.55 for
Pu, as determined from our previous EXAFS measurements of 1.9at% and 3.3 at% Ga-
doped Pu samples[24,28]. The energy shift AE, wasfirst varied for each of the spectra
in the a-Pu data set, and then AE, was fixed at the average value of —18.3 eV for all
spectrain the final fit.

Figure 3(a) displays the Pu L, ;—edge EXAFS data and best fit, while Figure 3(b)
displaystheir FT's, for the o-Pu sample, measured at temperature T = 10 K. These
EXAFS were transformed over ak-range of k e [2.4A™, 21.3 A™], resulting in areal-
space resolution of ~0.09 A. The breakdown of the FT of the o.-Pu |ow-temperature fit
into subshell components aso is shown in Figure 3(b). The measured bond lengths of the
EXAFS FT peaks are consistent with the average bond-lengths of the distributionsin
each shell of the a-Pu structure listed in Table .

At this resolution, the splitting of the first and second neighbor shells into shorter
and longer bond lengthsis observed (Figure 3(b)). Since the bond length distribution is
over arange of values averaged over al 8 Pu sitesin the unit cell, the total of the subshell
coordination numbers was fixed to be equal to the site-averaged coordination number for
the entire shell, i.e. N1 = N1g+N1p, = 4 and N2 = Naa+N2p = 10, but N1, and No, were varied.
In addition, the Debye-Waller factors of the two subshells were linked to be equal to one
another, i.e. 612> = o1 and 624 = o2,°. The best fit to the data resultsin the first two
subshells splitting equally, N1, = N1 = 2.00 + 0.05, with a bond-length splitting of Ry, —
Ria=0.098 + 0.002 A. The second shell bond length is weighted slightly more towards

longer bond lengths, N2, = 5.5 > 4.5 = Ny, with alarger splitting of Ryp — Roq = 0.153 £
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0.002 A. The coordination numbers of the third and fourth shells were fixed to their site-
averaged values of 5.75 and 7.0, respectively By comparing the total FT magnitude of
the data to the magnitudes of the subshell components, it is seen that the 0.10 A splitting
between the first shell components resultsin largely destructive interference, while the
0.15 A splitting between the second shell components results in mostly constructive
interference. The destructive interference in the first shell is not seen in the a-Pu EXAFS
FT of the earlier a-Pu EXAFS study [27]. Thisis because ashorter EXAFS k-rangek e
[3.4 A7 12.8 A" isused in the earlier study, resulting in worsened spatial resolution of
the EXAFS FT. Our a-Pu EXAFS data transformed over asimilar k-range to Ref. 27

resultsin asimilar FT, with more constructive interference in the first shell FT peak.

2 o-U

The U-U interactions were modeled using the XRD structure of orthorhombic .-
U determined from XRD, witha = 2.854 A, b =5.870 A, ¢ = 4.956 A [2], and includes
only SS paths, with the exception of the collinear multiple-scattering (MS) path along
(100) with length R = 2a=5.67 A. Tablell listsal of the FEFF paths used for the fit of
the unmodulated o-U structure to the EXAFS data, along with their coordination number,
direction coordinates, and direction cosine along (100). The energy shift AE, wasfirst
varied for each of the spectrain the a-U data set, and then AE, was fixed at the average
value of + 4.7 eV for al spectrain thefinal fit. S for o-U also was varied in a
preliminary run and then fixed at the average value of 0.9 for the final fits.

Figure 4(a) displays the corresponding U L;;—edge EXAFS data and best fit for

the a-U sample, while Figure 4(b) displays their FT's, measured at temperature T = 55 K.
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These EXAFS were transformed over ak-range of ke[2.7 A, 20.5 A™], resultingin a
real-space resolution similar to that of the FT of the a-Pu data (~ 0.09 A). The
breakdown of the FT of the a-U low-temperature fit into subshell componentsis also
shown in Figure 4(b). For dataat both T =11 K and T = 55 K, neighboring atomic shell
contributions out to R = 6.0 A are included in the fit, and the distances and Debye-Waller
factors of each shell are allowed to vary. The Ria= 2.73 A bond is assigned a
coordination number of N1, =2, whilethe shellsat 3.28 A, 3.93 A, 499 A, 5.21 A, and
5.99 A have coordination numbers N, = 8, N3 = 4, Nz = 6, Ny = 10, and N5, = 10,
respectively, in order to represent the a-U structure of Table I1. The coordination
number of the shell at Rs, = 5.64 A is allowed to vary, because this shell also includes
multiple scattering contributions, sinceit is twice the 2.84 A bond length along the (100)
direction. The FT peak positions correspond well to the expected positions of the shells
in the unmodified a-U structure listed in Table 11, with the exception of the first shell,
which is shortened to 2.75 A from an expected mixture of two bonds at R = 2.75 A and
two bondsat R=2.85A.

As seen from Table Il, the first and second shells should be split in the
unmodulated o-U geometry, with splittings of Ry, — R1a = 0.10 A and Rop, — Roa = 0.08 A,
respectively. Thefirst and second shell bond lengths in unmodulated o-U each are
evenly split between two well-defined bond lengths, and the bond length distribution is
the same for every U atom in the unit cell, unlike the case of a-Pu. With thiswell-
defined structure and the high resolution (~ 0.09 A) of the data, one would expect to
resolve the splittings in the first and second shell in the low-temperature EXAFS FT for

an unmodulated o-U structure, or at |east see destructive interference effects asin the
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case of thefirst shell splitting of a-Pu. Contrary to this expectation, the first two shells
each have a strong single peak in the a-U FT even at highest resolution, rather than the
interference between subshells resolved in the case of a-Pu. The lack of afirst shell
splitting can be attributed to the lack of an R = 2.85 A component in the EXAFS at and
above T =55K. Asseenin Tablell, the R = 2.85 A bonds are directed along the (100)
direction, paralld to the direction of "optical” displacement of U atomsin the q = (0.5, 0,
0) soft phonon observed in a-U. This phonon has significant amplitude and low
frequency even at temperatures of T = 55 K, so we expect that the Debye-Waller factor
for these R = 2.85 A bonds is increased dramatically due to the anticorrelated motion of
the U-U bond modulated by the population of this optical phonon. Thetwo bondsat R =
2.85 A are assumed to have alarge enough Debye-Waller factor so that they have
minimal contribution to the EXAFSFT at and above T =55 K.

The low-temperature CDW-distorted o-U phase was modeled using the
commensurate model of Smith et al. [7], which includes an "optical” distortion of
neighboring atoms and a doubling of the lattice parameter a along the (100) direction.
The shortest U-U bonds (shell 1a) are in the <100> plane with bond length Ry, = 2.73 A.
These bonds are not affected by the CDW. The two nearest neighbor bonds along (100)
(shell 1b) have a single bond length of Ry, = 2.84 A in the unmodulated structure. This
single bond length is dispersed into arange of bond lengths by the CDW. The maximum
amplitude of the individual atom CDW displacementsis g, which results in bond lengths
ranging from 2.84 A - AR t0 2.84 + AR, where AR = 2¢. The distribution of the bond
lengths can be modeled as a square wave (one bond at 2.84 A - AR and one bond at 2.84

A + AR) or asine wave, which also has bond lengths at intermediate values. Although
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the CDW has been shown to be incommensurate in terms of its long-range order, EXAFS
is sensitive only to short-range interactions and bond lengths and not long-range ordering.
Therefore the commensurate model provides a good starting point for the expected U-U
bond lengths in this phase, and the near-neighbor bond length distributions do not depend
on this long-range structure.

Figure 5(a) displaysthe U L, ;—edge EXAFS data and best fit for the a-U sample,
while Figure 5(b) displays their high-resolution FT's, at the lowest measured temperature
T =11K. Aswiththe T=55K data, the T=11 K EXAFS data were transformed over a k-
range of k € [2.7 A, 20.5 A™Y]. Forthe T = 11K fit, two additional components are
added to represent the CDW-modulated bonds, as described below.

Comparing the FT's of Figures 4(b) and 5(b), alarge increase in the amplitude of
thefirst shell FT peak isseeninthe T = 11 K data, whiletherest of the T =11 K FT is
similar tothe T =55 K data. The large change in the overall lineshape of the FT cannot
be attributed to normal thermal Debye-Waller effects, which would show little changein
the Debye-Waller factor over the temperature rangefrom T =11 K to T =55 K. Instead,
the dramatic change in the in the a-U EXAFS over this temperature range can be
attributed to achangein the local structure of the first and second shellsof a-U at T = 11
K < Tepw relative to the unmodulated structureat T =55 K > Tepw. A CDW modulation
of the 2.84 A bond along (100) can be modeled as a square wave distribution (one bond
at 2.84 A - AR and one bond at 2.84 A + AR) or as asine wave distribution, which has
additional bond lengths at intermediate values. Figure 5(b) shows the component
breakdown of thefittothe T = 11 K EXAFSFT of a-U. Thisfitisvery similar to thefit

of the T =55 K data of Figure 4, except for the addition of two additional components
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corresponding to the CDW-shortened and CDW-lengthened bondsat R=2.73 A and R =
2.95A. Inthefit to the T = 11 K data, the coordination numbers of these components
were fixed at N1y = N1 = 1, the distances were constrained to have an average value of
(Ria+ Rup) /2 =2.84 A, and the Debye-Waller factors were set equal, i.e. 61,° = 61°

The main difference between the EXAFS above and below Tepw = 43 K isfit
well by the square-wave CDW model. A similar fit at T=11 K replacing the two CDW
bond lengths at R = 2.84 A + AR by two bonds both at the unmodulated o.-U bond length
R=2.84A (i.e. setting AR = 0) resulted in the fit program giving these two bonds avery
high Debye-Waller factor (0.030 A?) with very little contribution to the EXAFS. Dueto
poor agreement with the contribution of first shell to the T = 11 K EXAFS data, the
unmodulated a-U model structure resultsin a poorer fit to the data than the structure
modulated by the square-wave CDW. |n addition, the fit to the lower-resolution T = 11
K, 25K, and 35 K datais significantly improved by adding the CDW components, as
determined by the degree of improvement in the reduced y? of the fits before and after
adding the additional components. The ratio of the reduced y? needs to be larger than 1 +
2*sgrt(2/v), where v = 16.6 is the number of degrees of freedom for these fits. For the
fitsat T = 40 K and 45 K, the improvement in reduced y is equal to this significance
limit, whileit is slightly lower than this for higher temperatures.

Comparing the 1/R*weighted bond length distribution of the unmodulated a-U
structure of Ref. 2 and the square-wave CDW-modulated a-U structure of Ref. 7 to the
EXAFSdataFT at T = 11 K from the a-U sample (not shown), we find that the
amplitude of the first shell FT peak of the dataat R = 2.73 A is significantly higher than

expected for the bond length distribution for unmodulated a-U. The agreement is greatly
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improved when the a-U EXAFS data FT is compared to the bond length distribution for

the CDW-modulated a-U structure.

3 o-U EXAFStemperature series

Figure 6 shows the temperature series of the high-resolution U L;;—edge EXAFS
data FT of the a-U sample for temperaturesfrom T = 10 K to 130 K. The k-range over
which the FT'saretakeniske[2.7 A™, 20.5 A™Y]. Unlike the case of a-Pu, the overall
shape of the FT changes dramatically below T =55 K for a-U. In particular, the
magnitude of the peakslabeled "A" decrease with temperature while the "B" peaks
increase until amaximum at T = 55 K and then decrease with temperature. Asaresult,
thefirst neighbor (A1) peak magnitudeis slightly larger than that of the second neighbor
(B2) peak a T = 11 K, whileat T =55 K the A1l peak is only ~60% of the B2 peak.
Above T =55 K, no further changes in the rel ative intensities of the FT components
lineshape occur, and typical Debye-Waller damping continues to broaden all of the peaks
at asimilar rate. At T =55 K and above, the overall lineshape is more similar to the
1/R?*weighted bond length distribution for a-U (not shown). The variation of the k-
space EXAFS with temperature (not shown) has similar behavior to the FT's. We
attribute the anomal ous behavior of the EXAFS at temperatures below T =55 K to
structural changes resulting from the CDW-modulated a-U phase.

The different thermal behavior of the"A" and "B" peaksin the a-U EXAFSFT's
of Figure 6 isrelated to the directions of the near-neighbor paths contributing to each
peak. The"A" peaks consist of bonds or atom-to-atom paths directed primarily along the

aor (100) direction. From Table I1, bonds contributing to the A1 and A5 peaks have a
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direction cosine along a equal to X/R = 1 and points entirely aong the (100) direction,
while the A3 peak consists of paths primarily along the (100) direction with X/R = 0.72.
In contrast, the "B" peaks consist of paths which either have an intermediate component
along a (the B2 peak has X/R = 0.44) or are a mixture of two types of bonds with
different directionality (the bondsin the B4 region include 8 bonds with X/R < 0.28 and 8
bonds with X/R = 0.82). The CDW displacement direction is primarily along the (100)
direction, asis the soft phonon wavevector. Both the spread in the bond length
distribution produced by the CDW displacement wave and the larger thermal vibrational
amplitude of the soft phonons will act to rapidly increase the Debye-Waller factor of
bonds pointing primarily along the (100) direction, while bonds oriented more in the
<100> plane will be affected less by the CDW displacements and soft phonon thermal
vibrations. The different thermal behavior of the various shell components of the high-
resolution EXAFS FT is evidence of the anisotropy of the o-U CDW and soft phonon.
Determining this anisotropy is dependent upon high-resolution EXAFS data as
well as tracking its detailed thermal dependence over arange of temperature values. The
EXAFS technique can separate the thermal behavior of bondsin different directions due
to the difference in bond lengths for bonds aong different directionsin the o-U structure.
This anisotropy islocal to each atom in a-U, so it can be detected by alocal probe such
as EXAFS, and is not affected by the relative orientation of crystallitesin the sample.
The CDW changes this local structure and therefore is observable with EXAFS, without

needing long-range order in the sample, as the diffraction and scattering experiments do.
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C. Vibrational anaysis

For both a-Pu and o-U, wefit alocal structural model to all datafrom T = 10K
to room temperature using a consistent fitting procedure. The k-ranges used for the
EXAFS temperature studieswere[2.7 A™?, 13.4 A for Puand [2.7 A, 148 A™Y for U.
These k-ranges are shortened from the low-temperature fits in order to keep the range
consistent at all temperature values. The usable k-range of the EXAFSisintrinsically
shortened by Debye-Waller damping at higher temperatures. This smaller k-range results
in areduction of the resolution of the EXAFS FT in R-space. The EXAFS dataare
weighted by afactor of k* for the fits and for plotting the dataand their FT's. After
determining the Fourier Transform (FT) of the EXAFS over the specified k-range with a
step-function window, the EXAFS FT was back-transformed over the bond-length range
of interest, i.e. R € [1.3A,4.1A] for a-Puand R € [1.9 A, 4.1 A] for a-U, which
corresponds to the first and second atomic shells of a-Pu, and the first through third
shellsof a-U. The fits were made to the back-transformed filtered data.

We analyzed the high-resolution data sets at low temperature first to establish the
correct modeling parameters for the neighboring atomic shellsin the thermal anaysis.
We confine our datato the first two shellsin a-Pu and the first three shellsin a-U by
appropriately filtering the datain R-space. For a-Pu, the bond distances and the Debye-
Waller factors for each of the two shells are varied, for atotal of four variables in each fit.
For a-U, the third shell isincluded to better fit the destructive interference that occurs
near R+A = 3.5 A inthe FT. The bond distance and the Debye-Waller factor for the third

shell also are varied, for atotal of six variablesin each fit for o-U. In the thermal
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analysis, So> and AE, are fixed to the same values as for the high-resolution fits (S¢* =
0.55 and AE, = -18.3 eV for a-Pu; Sy? = 0.9 and AE, = + 4.7 eV for a-U). Fixing S? and
AE, avoids correlation problems between Sy* and the Debye-Waller factors o2, aswell as
between AE, and the distances R. Fixing these parameters and the k-range ensures a
meaningful comparison of values for the distances and Debye-Waller factors at different
temperatures in the following thermal Debye analysis.

Figure 7(a) shows the filtered Pu L, ;—edge EXAFS data of the a-Pu sampleas a
function of temperature from T = 10 K to room temperature, along with the best fitsto
the EXAFS data. The corresponding FT's of the data and fits, are given in Figure 7(b).
The overall shape of the a-Pu EXAFS FT are dampened and broadened by Debye-Waller
thermal effects. Similarly, the lower-resolution filtered EXAFS data over the entire
temperature range for a-U in Figure 8(a) are dampened with increasing temperature, as
are the corresponding FT's of the datain Figure 8(b). However, in the case of a-U, there
are significant changesin the FT first shell peak intensity relative to the FT second shell
peak intensity for T <55 K. Above T =55 K the changesin the FT lineshape can be
explained by normal Debye-Waller thermal effects, and the first and second shell FT
peaks are dampened and broadened with temperature at asimilar rate.

Tables Il and IV list the best fit results for the bond length and Debye-Waller
factor of the innermost neighboring atomic shells at each temperature for a-Pu and a-U,
respectively. The bond lengths do not change dramatically for either sample over the
temperature range, as expected from the small thermal expansion coefficients over this
temperature range [14]. Thisis consistent with our earlier EXAFS study of o-Puin a

mixed-phase Pu-Ga dloy [28].
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Figure 9(a) and 9(b) display the temperature dependence of the Debye-Waller
factors for the first and second shellsin a-Pu and a-U, respectively. Thelines are thefits
of a correlated Debye model [34-35] to the Debye-Waller factor datain the same manner
as Refs. 24 and 28. The correlated Debye model is an extension of the standard Debye
model for EXAFS measurements. The same phonon density of statesis used in both
models. However, unlike the Debye-Waller factor in diffraction measurements, which is
proportional to the squared vibrational amplitude of an atom about its equilibrium
position, the EXAFS Debye-Waller factor is proportional to the squared vibrational
amplitude of the distance between two atoms, each of which are moving about their
equilibrium positions. The EXAFS Debye-Waller factor is therefore the sum of the
Debye-Waller factors of each of the two atoms about its equilibrium position, plus an
interference term due to the degree of correlation between the motions of the two atoms.
If the motion of the pair of atoms s correlated, the bond length variation is less than that
expected for uncorrelated motion, and the EXAFS Debye-Waller factor is reduced from
the individual atom Debye-Waller factor sum. Similarly, anticorrelated motion results in
an increased bond length variation and an increased EXAFS Debye-Waller factor. The
correlated Debye model includes phonon effects on the increase of the EXAFS Debye-
Waller factor with temperature, and accounts for the correlated motion of the atomic pair.
Unless otherwise noted in this paper, the phrase "Debye-Waller factor” refersto an
EXAFS Debye-Waller factor.

The progression of the Debye-Waller factors for both shells of a-Pu and the

second shell of a-U arefit well with the correlated Debye model. However, thereisa

sharp decrease in the Debye-Waller factor of the first shell of a-U as the temperatureis
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decreased below T =55 K. This behavior is due to the dramatic increase in the first shell
FT peak magnitude at low temperature, as aready seen in the low-temperature o-U
EXAFS data of Figure 6. The low-temperature behavior of the first shell a-U Debye-
Waller factor clearly does not follow the correlated Debye model, for which the Debye-
Waller factor is expected to be nearly constant over the temperature range of the
anomalous behavior. Therefore this behavior is attributed to a change in the overall
structure of thelocal U environment in o-U at low temperatures, i.e. the existence of the
CDW modulation.

TableV lists the correlated Debye temperatures &, for the first and second shell
bondsin a-Pu and a-U phases, respectively, as determined from the fits of the

temperature dependence of the Debye-Waller factors with the correlated Debye model.

V. DISCUSSION

A. a-Pu Correlated Debye temperature

The correlated Debye temperatures from the temperature-dependent EXAFS data
are in good agreement with Debye temperatures from earlier studies. Thefirst shell o-Pu
correlated Debye temperature & (o-Pu) = 162 £ 5 K isin excellent agreement with the
value of 159 + 13 K for the Ga-containing o'-Pu phase determined in our earlier
temperature-dependent EXAFS study of a 1.9 at% Ga-doped o/'-Pu / 5-Pu alloy [28].

Since the force constant of the bond is proportional to the square of the Debye
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temperature, this result indicates that the strength of the Pu-Pu bond is similar in a-Pu
and ao'-Pu, and therefore is not influenced dramatically by the presence of Gain the
structure. The correlated Debye temperature of 162 + 5 K isin the lower end of the range
of values reported for a-Pu (153-200 K), as determined by heat capacity measurements

[36-39].

B. o-U Correlated Debye temperature

The correlated Debye modd isfit to the temperature dependence of the a-U
EXAFS first shell Debye-Waller factor only for temperatures above Tepw, i.€. for T > 55
K. Theresulting first shell EXAFS a-U correlated Debye temperature p (a-U) =199 £
3 K aso agrees well with Debye temperatures for polycrystalline a-U from heat capacity
measurements (170-207 K) [18-20, 37]. In addition, our second shell correlated Debye
temperature of 195 + 3 K agrees well with the first shell correlated Debye temperature.

Interestingly, the Debye temperature appears to be afunction of grain sizein a-U.
The Debye temperatures determined from heat capacity measurements for single-crystal
and pseudo-single-crystal a-U are 256 + 0.25 K [20] and 210 + 4 K [18], respectively,
while our EXAFS measurements on polycrystalline a-U result in & (a-U) =199 + 3K.
The pseudo-single-crystal sample of Ref. 18 is made up of large mosaic grains of slightly
differing orientations. The increase in Debye temperature with larger grain sizeis
attributed to the removal of constraints on the thermal expansion of a-U caused by grain

boundaries[14]. It isinteresting to note that while EXAFS probes the local CDW
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structure within each of the grains, the correl ated Debye temperature of the bonds il

agrees with that of polycrystaline a-U [18-20, 37].

C. Modeling the a-U CDW

We have defined AR (= 2¢) as the magnitude of the (100) near neighbor bond
length shift from its non-CDW value of 2.84 A, i.e. CDW bonds are shifted to 2.84 + AR
and 2.84 — AR in the square-wave CDW model. FitstotheT =11 K datawith a square-
wave CDW model over arange of AR valuesfrom 0to 0.20 A gave the best fits with
physically meaningful Debye-Waller factors with the bond length shifts of AR = 0.07-
0.12 A. Note that the spread in bond lengths of the first subshellsis 2AR, which is larger
than the experimental resolution (~ 0.09 A). The two non-CDW bonds at 2.73 A cannot
account for enough intensity to be the entire contribution to the first shell FT peak, and an
additional CDW short bond contributes best to this peak when itslength is closeto 2.73
A. For values of AR lessthan 0.07 A, the Debye-Waller factor of the CDW bondsis
increased to large values ( > 0.024 A?) indicating little contribution from the CDW
component. Thisis due to the large negative interference between the 2.73 A EXAFS
component and EXAFS components in the vicinity of 2.84 A. From the values of AR =
0.07-0.12 A for the best fitsto the T = 11 K a-U EXAFS data, we derive a magnitude of
asquare wave CDW displacement of € = AR/2 = 0.05+ 0.02 A. Thisresult issimilar to
the value of ¢ = 0.053 + 0.001 A reported in earlier diffraction papers by Marmeggi [8],
although in later papers € was reported to be half of thisvalue [11-14]. It may be

necessary to revisit the diffraction analyses and see which value is correct.

Erik Nelson, a-Pu/ a-U EXAFS paper, 9/15/2004, page 24 of 51



In order to explore what the EXAFS data can tell us about the CDW-modulated
a-U phase, we apply two different models to the temperature-dependent EXAFS data
series. Inthe first model, the low-temperature o-U series was fit again with the
assumption that the Debye-Waller factor of the bonds is constant at the value determined
from afit to the T = 55 K data (6%, 55« = 0.00207 A?) and the number of bonds at R =
2.73 A varies with temperature. For anormal Debye temperature dependence, the
Debye-Waller factor should be nearly constant at these low temperatures. At and below
T = 25K, the coordination number of 2.93 + 0.05 is consistent with 3.0, the value
expected for the square-wave CDW state. Above T = 25 K, the coordination number
dropslinearly to 2.0 at T =55 K (which isits defined value at this temperature). For T >
55 K, it isassumed the CDW structure no longer exists and the coordination number at R
=2.73 A remains at 2.0, the value for the unmodulated o-U structure. The low-
temperature coordination number of 3.0 would correspond to a splitting of the 2.84 A
bonds along (100) equally into abond at 2.73 A and one at 2.95 A in a square-wave
modulation. Then the FT pesk at R = 2.73 A is composed of the two 2.73 A bondsin the
<100> plane perpendicular to the (100) direction and one CDW-modulated bond along
(100) at 2.84 A —2¢ =2.73 A. A sine-wave modulation or phase-slipped sine-wave
modulation in displacements would have contributions at bond legth ranging from 2.85
A —2¢102.85 A + 2¢ which would result in less than one atom per unit cell contributing
at R =2.73 A on average in the (100) direction. Thiswould result in afit to the EXAFS
data FT with less magnitude in the first peak, which isin disagreement with the data.

In addition, the coordination number remains above 2.80 until above T = 25K,

when it drops off quickly with temperature until it reaches the unmodulated value of 2.0
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above Tcpw =43 K. The start of the sharper decrease in coordination number isat a
temperature similar to the lock-in temperature of the CDW reciprocal lattice vector,
Tiockin = 22 K [12-13]. These results suggest that the squaring of the displacement wave
decreases with temperature for T > Tqin, and the CDW disappears above Tcpw.

Since the coordination numbers and Debye-Waller factors are highly correlated
variablesin any fit of EXAFS amplitudes, it is appropriate to look at the fitting of the
CDW thermal behavior in another way by instead fixing the coordination number and
varying the Debye-Waller factor. Another approach to quantifying the properties of the
CDW with the EXAFS datais to split the FT peak at 2.73 A into two contributions — two
unmodulated bonds in the <100> plane and one bond along (100) with its bond length
modulated from 2.84 A to 2.73 A. The corresponding CDW-lengthened bond along
(100) with R = 2.95 A isalso included in the fit, and its Debye-Waller factor is set equal
to that of the R = 2.73 A CDW bond. The Debye-Waller factors of the CDW bonds are
set equal and alowed to vary. The Debye-Waller factor of the 2.73 A non-CDW bonds
in the <100> planeis set to the limiting value of the correlated Debye model fitat T =0
K (o’ = 0.00182 A?). This assumption is supported by the correlated Debye behavior
and first shell correlated Debye temperature of &p (a-U) =199 + 3K for the EXAFS
above Tcpw seen in Figure 9(b), for which the only bonds of length 2.73 A are the bonds
perpendicular to (100) in unmodulated o-U. With this model, the temperature
dependence of the Debye-Waller factor of the CDW bonds aong (100) is very steep. The
correlated Debye model isfit to the temperature dependence of the CDW bond Debye-

Waller factor, with aresulting correlated Debye temperature of 61 £ 5 K, much lower

than the 199 + 3 K measured for the 2.73 A bonds at higher temperatures. The lower
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correlated Debye temperature should not be taken quantitatively but rather as an indicator
of the softness of the bonds along the (100) due to the soft phonon. Since the force
constant fe of the bond vibration is related to the square of the correlated Debye
temperature, fg oc f:p°, this suggests the force constants of the CDW-modulated bonds are
approximately an order of magnitude weaker than those of the non-modulated bonds.

For temperatures T = 55 K and above, where the structure should be unmodul ated
a-U, apeak at R = 2.84 A is expected. However, placing acomponent at this bond
length significantly worsens the fits to the EXAFS data at these temperatures. This
suggests that the amplitude of the R = 2.84 A bonds' contribution to the EXAFS is very
low at and above T =55 K. Since the unmodulated a.-U structure is known, the reduced
amplitude must be due to a high Debye-Waller factor for the 2.84 A bonds at these
temperatures. Such a high Debye-Waller factor is unusual at these temperatures but may
be possible due to the very soft phonon behavior along (100), which is the direction of
the R = 2.84 A bond. Along with the CDW modeling of the EXAFS described above,
this suggests that the CDW component of the EXAFS damps out very quickly with
temperature. The rapid increase of the bond vibrational amplitude with temperature is
related to the unusual softening of the g = (0.5, O, 0) phonon frequency in a-U at lower
temperatures, as well as the normal increase in vibration amplitude with temperature.
Correlated "optical™ motion also tends to increase the EXAFS Debye-Waller factor
relative to the XRD or neutron diffraction Debye-Waller factor, since the EXAFS Debye-
Waller factor measures the spread in the bond length distribution while the diffraction

Debye-Waller factor measures the distribution in individual atom positions.
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The temperature-dependent EXAFS data below Tcpw are consistent with a
square-wave CDW aong (100) whose contribution to the EXAFS is rapidly damped with
temperature due to the increase in optical vibrational motion aong the (100) direction.
The condensation of the soft optical phonon along (100) into the CDW for T < Tcpw IS

consistent with these EXAFS results.

D. Coherence length of the CDW

Due to the anisotropic local bond length distribution in a-U, we have been able to
observe the structure of the CDW in a polycrystalline a-U sample using temperature-
dependent EXAFS. Previous structural observations of the CDW in o-U have used
single-crystal specimens only [2,6-13]. Applying the Scherrer equation to the peak
widths in the XRD profile of our a-U sample, the average crystallite grain size was found
to be 70 £ 10 nm. Thisvaue sets an upper limit on the length scale required to stabilize

the charge density wave within a a-U particle.

V. CONCLUSION

The EXAFS of the low-symmetry a-Pu and a-U phases were measured over a
range of temperatures from T = 10 K to room temperature. This study represents the first
EXAFS measurement of the a-U phase, while the a-Pu EXAFS are a significant
improvement in resolution compared to the previous EXAFS result [27]. In a-Pu,

destructive and constructive EXAFS interferences, respectively, are observed between
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the subshellsin both the first and second nearest neighbor shells. In a-U, however, the
expected destructive interference in the first shell between bonds at 2.73 A and 2.84 A is
not observed, and at the lowest temperatures (T < Tcpw ~ 43 K), the amplitude of the first
shell EXAFS FT peak isincreased above that expected for the unmodulated o-U
structure. The amplitude of this FT peak decreases rapidly with temperature relative to
the FT peaksfor T <55 K. In addition, at T = 55 K and above, the expected unmodul ated
a-U bonds along (100) with length 2.84 A do not contribute to the EXAFS. These
anomalies between the measured and predicted EXAFS are explained by the existence of
the CDW, as well as the softness of the phonon along the (100) direction.

The temperature dependence of the first-shell EXAFS Debye-Waller factor isfit
well by acorrelated Debye model over all temperatures for a-Pu, and for temperatures T
> Tepw for a-U. The measured correlated Debye temperatures of G (a-Pu) = 162 + 5K
and @ (a-U) =199 + 3K agree well with earlier values determined from heat capacity
measurements. Below Tcpw, the Debye-Waller factor of the a-U first shell drops rapidly.
In addition, different peaksin the a-U EXAFS FT behave very differently with
temperature, indicating softer thermal behavior of bonds along the (100) direction. This
behavior is attributed to the formation of the CDW along (100). Modeling the bond
length distribution due to the CDW displacement wave suggests a partially squared CDW
with a displacement wave amplitude of € = 0.05 + 0.02 A. A pure sine wave CDW does
not produce enough amplitude at the shortest bond length (2.73 A) to satisfactorily
reproduce the data at the lowest temperatures. The CDW bond contribution is seen to
decay rapidly with temperature, in agreement with the interpretation of the CDW as the

condensation of the soft phonon mode. To our knowledge, our observation of the
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structure of the CDW in a-U isthefirst for a polycrystalline o-U sample, and sets a limit
on the coherence length needed to stabilize the a-U CDW at 70 £ 10 nm, the grain size
within our sample.

An important future experiment would be to add polarization dependence to the
temperature-dependent a.-U EXAFS, using the linear polarization of a synchrotron x-ray
beam and either asingle-crystal a-U sample or micro-EXAFS capability on asingle o-U
grain. Although the polarization dependence of the L,;; absorption edge is |ess than that
of the K edge, aligning the x-ray electric field parallel or perpendicular to the CDW (100)
direction could enhance the contrast between CDW-related and non-CDW-related bonds
and give improved structural information about the CDW. In addition, differencesin the
thermal behavior of the EXAFS between single-crystal and polycrystalline samples could

be observed.
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FIGURE CAPTIONS

Figure 1. Unit cell of monoclinic a-Pu. a=6.183A,b=4.822 A, c=10.963A, and 5=
101.79° (from Ref. 1). There are 8 inequivalent Pu atomic sitesin the unit cell (16 atoms

total), and the <010> planeis an inversion plane.

Figure 2. Atomic structure of orthorhombic a-U. a=2.854 A, b=5.870 A, c = 4.956 A
(from Ref. 2). The unmodified unit cell is shown. Black arrows indicate the directions of
atomic displacements for the charge density wave (CDW), which doubles the unit cell
along the (100) direction. ¢ isthe atomic displacement of the CDW along (100), and its
magnitude in the figure is much larger than the actual value. The bond lengths along the

displacements are shortened and lengthened to 2.84 + AR, where AR = 2¢.

Figure 3. (a) Pu L -edge k*-weighted transmission EXAFS data (points) and best fit
(solid line) for a-Pu at T = 10 K. Note that the disagreement between the data and the fit
in k-space mostly is due to contributions to the data from longer pair distances than were
included in the fit, i.e. shellswith pair distances R > 6.0 A. (This same situation existsin
Figures 4(a) and 5(a).) (b) Fourier transforms (FT's) of the Pu L,;; EXAFS data (points)
and best fit (solid line) for the a-Pu sample at T = 10 K. High-resolution FT's were taken
over the k*-weighted EXAFS over thek-rangek e [2.7 A, 21.3 A™Y. Thesix
components of thefit aso are displayed. Thefirst and second shells of a-Pu each are
split into two subshells. Note the destructive interference in the first shell and the

constructive interference in the second shell of the EXAFS data.
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Figure4. (a) U L;-edge k*-weighted transmission EXAFS data (points) and best fit
(solid line) for a-U at T =55 K. Thefit includes all shellswith pair distances lessthan R
=6.0A. (b) U L, EXAFSFT data (points), fit (solid line), and fit components for the a.-
U sampleat T = 55 K. High-resolution FT's were taken over the k*-weighted EXAFS

over thek-rangek e [2.7 A, 205 A™Y.

Figure 5. (a) U L;;-edge k3-weighted transmission EXAFS data (points) and best fit
(solid line) for a-U at T = 11 K. Thefit includes all shellswith pair distances lessthan R
=6.0A. (b) Fourier transforms (FT's) of the U L, EXAFS data (points) for the a-U
sampleat T = 11 K, along with the FT's of the fits (solid line) to the data. High-resolution
FT's were taken over the k®-weighted EXAFS over thek-rangek e [2.7 A, 205 A™Y.
The nine components of thefit also are displayed. The effect of the CDW modulation is
modeled by a square wave distribution with one bond each at R = 2.84 A + AR where AR

=0.11 A (gray lines).

Figure 6. High-resolution overlay plot of the EXAFS FT's of the a-U sampleas a
function of temperature. FT's are taken over the k-rangek e [2.7 A, 20.5 A™], while the
temperature range is limited to a maximum temperature of 130 K. Note that the a-U
EXAFS FT has peaks with differing temperature dependencies. The peaks have been
labeled group "A" and group "B" according to their temperature dependence and

direction relative to (100), and are discussed in the text.
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Figure 7. (a) Fourier-filtered Pu L -edge k*-weighted transmission EXAFS dataas a
function of temperature. Filtering isover therangeR e [1.3A, 4.1 A]. (b) FT’sof the
EXAFS for the a-Pu sample as afunction of temperature. For each plot, the points are
the data, and the solid line is the two-shell fit to the data. FT’s were taken over the k-
ranges shown in the upper graph. Note the Debye-Waller damping of the EXAFS with

increasing temperature.

Figure8. (a) Fourier-filtered U L -edge k*-weighted transmission EXAFS dataas a
function of temperature. Filteringisover therangeR € [1.9A, 4.1 A]. (b) FT’sof the
EXAFS for the a-U sample as afunction of temperature. For each plot, the points are the
data, and the solid line is the two-shell fit to the data. FT’swere taken over the k-ranges
shown in the upper graph. Note the damping of the EXAFS with increasing temperature

and the different thermal behavior of the FT's above and below Tcpw = 43 K.

Figure9. (a) Plot of Debye-Waller factor vs. temperature for the first and second shell
Pu-Pu bondsin a-Pu. (b) Plot of Debye-Waller factor vs. temperature for the first and
second shell U-U bondsin a-U as determined from fitsto the Pu and U L;-edge EXAFS
data. The data are plotted along with fits generated using the correlated Debye model.
For the a-U first shell, there is a sharp discontinuity in the slope of the Debye-Waller
factor with temperature near the CDW transition temperature Tcpw. The correlated

Debye moddl is only fit to points for temperatures T > Tcpyw for the a-U first shell.
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Tablel. Coordination numbers N; and Pu-Pu bond length distributions R; for each of the

eight inequivalent sites in the a-Pu unit cell calculated from the diffraction results of Ref.
1, aswell asthe site-averaged values. Thefirst four shells of the fit to the high-resolution
EXAFS data are included. Note that bond lengths also exist in the ranges 4.20 A —4.77

A and 4.88 A —5.42 A, but the bond length distribution is much more dispersed than in

the third and fourth shell ranges specified.

Site N: | Rirange | N2 | Rorange | N3 | Rzrange | Ns | Rqrange
Pul 5 |257A- |7 |[320A- |8 [479A- |10 |5.46A-
2.76 A 371A 4.84 A 557 A
Pu2 4 |260A- |10 [319A- |4 [478A- |7 |5.42A-
2.64 A 3.61A 4.86 A 557 A
Pu3 4 |258A- |10 [324A- |6 |478A- |6 |544A-
2.66 A 365A 4.84 A 5.48 A
Pud 4 |258A- |10 [326A- |10 |[478A- |6 |5.42A-
274 A 341A 4.86 A 5.49 A
Pu5 4 |258A- |10 [324A- |7 |478A- |5 |547A-
272 A 351A 4.86 A 554 A
Pu6 4 |263A- |10 [320A- |2 |482A- |6 |5.49A-
2.74 A 365A 482 A 557 A
Pu7 4 |257A- |10 [330A- |5 [478A- |9 |544A-
2.79A 351A 4.86 A 557 A
Pus 3 |276A- |13 [319A- |4 |480A- |7 |547A-
2.79A 371A 482 A 557 A
Average |4 | 257A- |10 |319A- |575|478A- |7 |542A-
2.79A 371A 4.87 A 557 A
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Tablell. Coordination numbers N; and U-U bond length distributions R; for the single
crystalographic sitein the a-U unit cell calculated from the diffraction results of Ref. 2.
Thefirst six shells are included, corresponding to the shells used in the high-resolution
EXAFSfits. The site-averaged coordination numbers and bond length ranges also are
given. Note bond lengths also exist intheranges 4.20 A —4.77 A and 4.88 A —-5.42 A,
but the bond length distribution is much more dispersed than in the third and fourth shell
ranges specified. Asterisks mark paths for which the path direction cosine along the a
direction Xi/R; > 0.5, i.e. paths pointing mostly in the direction of the (100) soft phonon

and charge density wave.

Shell | Coordination Bond | Projection
i |  Number Ni length along
Ri (100)

XilR

la 2 2.73 0.00
1b 2 2.84 1.00*
2a 4 3.26 0.44
2b 4 3.34 0.43
3 4 3.95 0.72*
da 2 4.94 0.00
4b 4 5.01 0.28
4c 4 5.17 0.82*
4d 4 5.22 0.82*
de 2 5.28 0.00
5a 2 5.67 1.00*
5b 4 5.69 0.50*
6a 2 5.87 0.00
6b 8 5.91 0.24
6C 4 6.00 0.47
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Tablelll. Temperature-dependent Pu L -edge EXAFSfitting results. EXAFS datawere
fitted over the k-range[2.7, 13.4 A™Y] by three components, one for nearest neighbor shell
and the other two for the second nearest neighbor shell in a-Pu. The coordination
numbers were fixed at N1 = 4, N2 = 4.65, and N, = 5.35 (N2a+N2y = 10), which isthe
average value of these coordination numbersin an earlier fit. So? and AE, were fixed at
0.55 and —18.3 eV, respectively, and the Debye-Waller factors for the components 2a and

2b were set to be equal, i.€. 622 = 6222 = Gap°.

Sample Pu-Pu Pu-Pu Pu-Pu Pu-Pu Pu-Pu
Temp(K) |Ri(A)* |o’(A9)® |Ra(B)® |Rx(A)* | or®(A%®
10 2.626 0.00465 3.268 3431 0.00361
20 2.629 0.00465 3.264 3.429 0.00384
33 2.621 0.00433 3.261 3.425 0.00377
50 2.621 0.00453 3.264 3.428 0.00421
80 2.625 0.00547 3.272 3.434 0.00511
110 2.622 0.00634 3.273 3.436 0.00618
150 2.617 0.00706 3.289 3.452 0.00754
200 2.617 0.00779 3.296 3.462 0.00958
230 2.621 0.00872 3.295 3.467 0.00996
260 2.622 0.00952 3.286 3.461 0.01196

2Errorsin R and o° are estimated to be + 0.005 A and + 10% based on EXAFS fits of

model compounds, cf. Ref. 30.
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Table V. Temperature-dependent U L;-edge EXAFSfitting results. EXAFS datawere
fitted over the k-range[2.7, 14.8 A™}] by three components for the first three nearest
neighbor shellsin a-U. The coordination numbers were fixed at N; =2, N, = 8, and N3 =

4. Sy? and AE, were fixed at 0.9 and +4.8 eV, respectively.

Sample uU-u u-u U-u U-u U-u U-u
Temp(K) |Ri(A)® |c’(A%)? |Re(A)®  |cP(A%? |Rs(R)? |G (AH®
11 2.725 0.00078 3.277 0.00336 3.929 0.00386
25 2.726 0.00091 3.277 0.00341 3.929 0.00392
35 2.729 0.00135 3.277 0.00347 3.929 0.00385
40 2.731 0.00154 3.278 0.00349 3.931 0.00393
45 2.733 0.00179 3.277 0.00348 3.930 0.00408
55 2.735 0.00201 3.277 0.00360 3.928 0.00420
75 2.737 0.00232 3.278 0.00385 3.928 0.00479
100 2.735 0.00268 3.279 0.00425 3.929 0.00525
130 2.733 0.00301 3.280 0.00479 3.932 0.00600
165 2.732 0.00349 3.281 0.00544 3.937 0.00723
200 2.730 0.00410 3.282 0.00619 3.939 0.00817
250 2.730 0.00490 3.283 0.00725 3.941 0.00978
293 2.730 0.00569 3.283 0.00830 3.945 0.01122

2Errorsin R and o° are estimated to be + 0.005 A and + 10% based on EXAFS fits of

model compounds, cf. Ref. 30.
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TableV. Correlated Debye temperatures &5 in Kelvin for the Pu-Pu and U-U bondsin
o-Pu and a-U phases, respectively, as determined from the fit resultsin Tables 11 and
IV. Results are presented for both the first and second nearest neighbor shells. The
correlated Debye model wasfit to the Debye-Waller factors for the a-U first shell only
for temperatures above Tcpw = 45 K. The entire temperature range was used for the fit to

the a-U second shell Debye-Waller factors, and for the fits to both a-Pu shell Debye-

Waller factors.

Phase First shell Second shell
o (K) o (K)

a-Pu 162+ 5K 147 + 4K

o-U 199+ 3K 195+ 3K
(T>55K only) | (entireT range)
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Figure 1.
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Figure 2.
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